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[1] We estimate isoprene emissions over tropical South America during 1997–2001
using column measurements of formaldehyde (HCHO) from the Global Ozone Monitoring
Experiment (GOME) satellite instrument, the GEOS-Chem chemistry transport model,
and the MEGAN (Model of Emissions of Gases and Aerosols from Nature) bottom-up
isoprene inventory. GEOS-Chem is qualitatively consistent with in situ ground-based
and aircraft concentration profiles of isoprene and HCHO, and GOME HCHO column data
(r = 0.41; bias = +35%), but has less skill in reproducing wet season observations.
Observed variability of GOME HCHO columns over South America is determined
largely by isoprene and biomass burning. We find that the column contributions
from other biogenic volatile organic compounds (VOC) are typically smaller
than the column fitting uncertainty. HCHO columns influenced by biomass burning
are removed using Along Track Scanning Radiometer (ATSR) firecounts and GOME NO2
columns. We find that South America can be split into eastern and western regions,
with fires concentrated over the eastern region. A monthly mean linear transfer function,
determined by GEOS-Chem, is used to infer isoprene emissions from observed HCHO
columns. The seasonal variation of GOME isoprene emissions over the western region
is broadly consistent with MEGAN (r = 0.41; bias = 25%), with largest isoprene
emissions during the dry season when the observed variability is consistent with knowledge
of temperature dependence. During the wet season, other unknown factors play
a significant role in determining observed variability.
Citation: Barkley, M. P., P. I. Palmer, U. Kuhn, J. Kesselmeier, K. Chance, T. P. Kurosu, R. V. Martin, D. Helmig, and A. Guenther
(2008), Net ecosystem fluxes of isoprene over tropical South America inferred from Global Ozone Monitoring Experiment (GOME)
observations of HCHO columns, J. Geophys. Res., 113, D20304, doi:10.1029/2008JD009863.
1. Introduction
[2] Tropical terrestrial ecosystems are a significant source
of biogenic volatile organic compounds (BVOCs). The
dominant nonmethane BVOC is isoprene (C5H8), which
represents almost half of the global annual nonmethane
VOC flux [Guenther et al., 1995, 2006]. Tropical ecosystems
contribute nearly 75% of the global atmospheric isoprene
budget [Guenther et al., 2006], reflecting a year-long
growing season, warm temperatures, and high solar insola-
tion. The high VOC loading and favorable atmospheric
conditions (high concentrations of the hydroxyl radical,
OH) ensures that the tropics also exert considerable influ-
ence on global tropospheric photochemistry [Andreae and
Crutzen, 1997]. Isoprene has a strong influence on the
oxidation capacity of the atmospheric boundary layer
[Poisson et al., 2000; Monson and Holland, 2001], and
can contribute to the formation of tropospheric ozone
[Wang and Shallcross, 2000; Sanderson et al., 2003] and
be a precursor of secondary organic aerosol [Claeys et al.,
2004; Henze and Seinfeld, 2006], thereby playing a signif-
icant role in determining Earth’s climate. Isoprene emis-
sions also represent a significant loss of fixed carbon from
the terrestrial biosphere, relative to the net biome produc-
tivity [Kesselmeier et al., 2002a].
[3] Global and regional isoprene emissions, determined
by bottom-up models constrained by sparse in situ data, are
poorly known [Guenther et al., 1995, 2006; Potter et al.,






1School of GeoSciences, University of Edinburgh, Edinburgh, UK.
2Biogeochemistry Department, Max Planck Institute for Chemistry,
Mainz, Germany.
3Now at Agroscope Reckenholz-Taenikon Research Station, Zurich,
Switzerland.
4Atomic and Molecular Physics Division, Harvard-Smithsonian Center
for Astrophysics, Cambridge, Massachusetts, USA.
5Department of Physics and Atmospheric Science, Dalhousie
University, Halifax, Nova Scotia, Canada.
6INSTAAR, University of Colorado, Boulder, Colorado, USA.
7Biosphere-Atmosphere Interactions Group, Atmospheric Chemistry
Division, NCAR, Boulder, Colorado, USA.
Copyright 2008 by the American Geophysical Union.
0148-0227/08/2008JD009863$09.00
D20304 1 of 24
2001; Purves et al., 2004]. Bottom-up isoprene models
extrapolate in situ point concentration and/or exchange/flux
measurements to regional and continental scales using
forestry inventory data and satellite based land cover. The
extrapolation from point measurements to the observed
spectra of plant species, age and growing conditions is
difficult especially where ecosystem diversity is high, for
example, tropical rainforests. Parameterized variability of
isoprene fluxes due to changing environmental conditions,
such as temperature and photosynthetic active radiation
(PAR), are determined using empirical algorithms that have
been developed largely from greenhouse measurements of
vegetation indigenous to the midlatitudes. Bottom-up emis-
sions are consequently most accurate over temperate
regions (of order 50% uncertainty), where most in situ
measurement campaigns have occurred, and least reliable
over tropical latitudes where data are sparse owing in part
to inaccessibility.
[4] Here we focus on BVOC emissions over tropical
South America, particularly over the Amazon Basin. Over
this region, measured daytime isoprene emission rates
range from 1500 to 9800 mg m2 h1 (see Table 1), with
significant unexplained differences between the wet and
dry seasons [Kuhn et al., 2004b]. We loosely define the wet
and dry seasons (on a continental scale) as December–May
and August–November, respectively, while acknowledging
regional and interannual variability [Liebmann andMarengo,
2001]. Without significant additional sampling of isoprene
fluxes and concentrations over this region (and the tropics
in general) bottom-up isoprene emission inventories will
remain quantitatively unreliable on regional and continental
scales.
[5] In this paper we explore the top-down constraints on
isoprene emissions over tropical South America from
satellite column measurements of formaldehyde (HCHO)
from the Global Ozone Monitoring Experiment (GOME)
[Chance et al., 2000; Palmer et al., 2001, 2003, 2006].
Formaldehyde is a high-yield product of VOC oxidation.
Its atmospheric abundance is determined by the balance
between production from the oxidation of VOCs and losses
from oxidation by OH and photolysis, leading to a lifetime
of a few hours. Formaldehyde columns measured from
space therefore provide constraints on the reactive VOC
emissions. In the remote atmosphere, the oxidation of CH4
provides a relatively uniform concentration of HCHO but
in the continental planetary boundary layer the oxidation of
short-lived VOCs significantly enhance HCHO above the
CH4 uniform background. Previous studies using GOME
HCHO data have focused on North America and eastern
Asian and showed that isoprene is largely responsible for
observed variability in HCHO columns during summer-
time [Palmer et al., 2003, 2006; Abbot et al., 2003; Millet
et al., 2006; Fu et al., 2007]. Shim et al. [2005] used the
GEOS-Chem chemistry transport model (CTM) [Bey et al.,
2001] driven by GEOS-STRAT meteorological data
[Schubert et al., 1993] and biogenic emissions from the
Global Emission Inventory Activity (GEIA) database
[Guenther et al., 1995] to conduct a global inversion of
GOME HCHO column data from 1996 to 1997 and showed
that over South America the model HCHO columns corre-
lated reasonably well with the data (r = 0.6); from that
correlation they estimated isoprene emissions of 106 Tg C/a
for that region.
[6] Biomass burning is a significant source of HCHO
over the tropics, and we pay particular attention to
removing this contribution from observed variability of
HCHO columns by using GOME measurements of nitrogen
dioxide (NO2) and firecounts from the Along-Track Scan-
ning Radiometer (ATSR) on board the ERS-2 spacecraft.
Here we present the first interpretation of the seasonal and
interannual variability of HCHO over South America and
use these data to infer BVOC emissions, taking into
account the distinct wet and dry seasons over this region.
Resulting BVOC emissions inferred from GOME represent
net canopy-atmosphere fluxes that are directly applicable to
(1) CTMs that do not include a detailed treatment of within-
canopy chemistry and physics, and (2) flux measurements
made above the forest canopy.
[7] In the next section we describe the GOME column data
and discuss the approach we adopt to identify and remove the
biomass burning contributions to observed HCHO column
variability. In section 3, we briefly describe the GEOS-Chem
CTM and the MEGAN isoprene emission inventory. In
section 4, we use ground-based and airborne profiles of
isoprene and HCHO over South America to evaluate
MEGAN andGEOS-Chem. In section 5 we detail the method
used to infer isoprene emissions from HCHO columns and
present an error analysis of resulting top-down isoprene
emissions. In section 6 we discuss differences between the
top-down GOME and bottom-up MEGAN isoprene emis-
sions, and conclude the paper in section 7.
2. HCHO Columns From the GOME Instrument
2.1. Retrieval of HCHO Vertical Columns
[8] The GOME instrument, a passive UV-Vis nadir-
viewing spectrometer, measures sunlight scattered by the
Table 1. Estimates and Direct Measurements of Isoprene Fluxes Within the Tropical Amazon Rain Forest
Study
Isoprene Flux
(mg m2 h1) Location Comment
Jacob and Wofsy [1988]a 1580 Duke forest reserve, 10 km north of Manaus, Brazil Average flux (0800–1800 LT)
Davis et al. [1994]a 3630 ± 1400 Duke forest reserve, 10 km north of Manaus, Brazil Average flux (0800–1500 LT)
Helmig et al. [1998] 3000–8200 500 km west of Iquitos, Peru Average flux (1000–1800 LT)
Rinne et al. [2002] 2400 Floresta Nacional do Tapajos, Para, Brazil Normalized flux
(T = 30C, PAR = 1100 mmol m2 s1)
Greenberg et al. [2004] 5300 Balbina, 150 km north of Manaus, Brazil Maximum flux
9800 Reserva Biologica do Jaru, Rondonia, Brazil
2200 Tapajos Forest, Para, Brazil
Kuhn et al. [2007] 2380 ± 1800 K34 tower 60 km NNW of Manaus, Brazil Average flux (1000–1500 LT)
Karl et al. [2007] 7800 ± 2300 60 km NNW of Manaus, Brazil Average noon flux
aThe Jacob and Wofsy [1988] and Davis et al. [1994] estimates were determined from the same observational data set.
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atmosphere and/or reflected from the surface, covering the
spectral range 240–790 nm at moderate spectral resolution
(0.2–0.4 nm) [Burrows et al., 1999]. It was launched in
April 1995 aboard the ERS-2 spacecraft into a polar Sun-
synchronous orbit (100 min period) crossing the Equator,
on its descending node, at 1030 local time (LT), achieving
global coverage within 3 days. GOME makes three (east-
west) forward scans, each with a spatial resolution of 40 
320 km2, and a back scan; we do not use the back scan data in
this study. Here, we outline the three-step methodology
adopted to determined vertical columns of HCHO.
[9] 1. Slant columns of HCHO are retrieved by directly
fitting radiances at 336–356 nm [Chance et al., 2000]. The
mean fitting uncertainty is 4  1015 molec cm2, but a
possible +17% bias in the retrieval exists because of errors
in the HCHO absorption cross section [Fu et al., 2007;
Gratien et al., 2007].
[10] 2. Spectral artifacts introduced by the instrument
diffuser plate degrade the quality of the measured solar
irradiance spectra creating a bias in the retrieved slant
columns that varies according the solar reference spectra
used [Richter and Wagner, 2001; Palmer et al., 2003, 2006;
Shim et al., 2005]. This bias is estimated and removed by
attributing it to the difference between observed and model
HCHO columns over the remote Pacific, where HCHO is
determined largely by CH4 oxidation and relatively well
understood. We account for the latitudinal and scan angle
dependence of the diffuser plate bias, following Palmer et al.
[2006], and discard orbital data corrupted by poor quality
solar radiance spectra. These data quality steps discard
approximately 30% of GOME retrievals but effectively
removes anomalous features from the observed distributions.
[11] 3. Vertical columns are calculated from slant columns
using air mass factors (AMFs) that account for Rayleigh,
aerosol and cloud scattering, and surface albedo [Palmer et
al., 2001, 2003;Martin et al., 2002]. By including scattering
into the AMF calculation the AMF becomes sensitive to the
vertical distribution of the atmospheric species being studied
(shape factor), which we determine using the GEOS-Chem
CTM. We use the LIDORT radiative transfer model for the
radiative transfer calculations (scattering weights) [Spurr et
al., 2001]. Cloud information for each GOME observation
is retrieved using the GOMECAT algorithm [Kurosu et al.,
1999], which uses the Polarization Measurement Devices
(PMDs) to determine cloud fraction, and O2 A band
radiances to retrieve cloud top pressure and optical thick-
ness. Scenes that have cloud coverage >40% are excluded.
Using a stricter cloud threshold does not significantly affect
the GOME HCHO column statistics. The UV surface albedo
is taken from a climatological database constructed from
over 5 years of GOME measurements [Koelemeijer et al.,
2003].
[12] Clouds are the main source of uncertainty in the
AMF calculation, estimated to create errors of 20–30%
[Martin et al., 2002; Millet et al., 2006]. AMF errors from
uncertainties in the HCHO shape factor, albedo and aerosols
are smaller (<10%), unless the aerosol loading is very high,
for example, biomass burning scenes [Palmer et al., 2006;
Millet et al., 2006]. Under such conditions the AMF
becomes much more sensitive to the relative vertical
distributions of the aerosols and the HCHO [Fu et al.,
2007]. The total error on the HCHO AMF is estimated to
be 30% [Palmer et al., 2006].
[13] Previous studies have calculated monthly mean
AMFs from a single model year and applied them to the
entire GOME data set [e.g., Abbot et al., 2003; Palmer et
al., 2006; Fu et al., 2007]. In this analysis, we compute
AMFs for each individual GOME scene (1997–2001)
using GEOS-Chem (daily) HCHO and (monthly) aerosols
fields simulated for the nominal year 2000 (see section 4.2).
The variation in the calculated monthly mean AMFs over
tropical South America during 1997–2001 is small (not
shown), varying between 0.92–1.12. Interannual variability
is negligible.
2.2. Separation of Biogenic and Pyrogenic HCHO
[14] Figure 1 shows the monthly mean GOME HCHO
slant column distributions over tropical South America for
1997–2001, averaged on to the GEOS-Chem 2  2.5
horizontal grid. The HCHO distributions exhibit a seasonal
cycle with observed columns highest (>3 1016 molec/cm2)
during August–October over central Brazil, reflecting sea-
sonal burning during the dry season; outside this period the
HCHO columns are much lower. In addition, the columns
are particularly noisy over southeastern Brazil, compared
with other regions, as they are affected by the South Atlantic
Anomaly (SAA) [Heirtzler, 2002]. The SAA is an anoma-
lous weak area of the Earth’s geomagnetic field where
trapped energetic charged particles cause damage to satellite
components [Stassinopoulos and Raymond, 1988]. The
SAA degrades all GOME trace gas retrievals throughout
the year, with HCHO slant column uncertainties on average
60% greater than elsewhere.
[15] HCHO is released into the atmosphere by incomplete
combustion, directly from emissions from fuel combustion
and indirectly from the oxidation of coemitted VOCs [Lee et
al., 1998; Andreae and Merlet, 2001]; the magnitude of both
primary and secondary HCHO sources are extremely un-
certain and are not the subject of this study. Here, we aim to
identify and subsequently remove the burning contribution
to observed HCHO columns. Figure 2 demonstrates the
strong spatial correlation between GOME HCHO and active
fires detected by the ATSR instrument aboard the ERS-2
spacecraft with GOME. We also show GOME vertical
columns of NO2 [Martin et al., 2002] that are largely
determined by biomass burning over South America [Martin
et al., 2003; Jaegle´ et al., 2005]. The information used to
calculate NO2 AMFs is consistent with that used for HCHO
in this paper. Estimated monthly mean NO2 vertical column
uncertainties over land are 5–8  1014 molec cm2 [Martin
et al., 2002, 2003]. There is a good correspondence between
NO2 columns and the firecounts, despite ATSR and GOME
measurements being taken at different times, providing
confidence in our approach of using these data to identify
HCHO from biomass burning. Spatial distributions of
HCHO, NO2 and active firecounts show two distinct
regions: an eastern region where biomass burning events
are widespread (especially during the dry season), and a
western area where fires are much less frequent. The SAA
also compromises quantitatively interpretation of HCHO
columns over the eastern most South America. For the
purpose of this paper we concentrate our study over the
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western region where we remove the residual burning signal
from the observed HCHO columns.
[16] Figure 3 shows the corresponding time series of the
monthly mean HCHO slant columns and NO2 vertical
columns over the eastern region defined by Figure 2 where
there is active burning. There is a strong temporal correla-
tion (r = 0.8) as the amount of HCHO and NO2 in the
atmosphere peaks about 1–2 months after the maximum
frequency in active fires (which typically occurs at the
beginning of August). Enhanced HCHO production from
elevated isoprene emissions during August–October (when
temperatures and light levels are highest) and release of
HCHO from smouldering fires will contribute to this slight
phase lag [Yokelson et al., 1997]. Sampling and instrumen-
tal issues associated with the firecount data, such as
nighttime measurements and inclusion of nonvegetation
fires [Mota et al., 2006], will also likely contribute to this
phase difference.
[17] We adopt a two-step approach to ensure that
pyrogenic contributions to observed HCHO columns are
removed from subsequent analysis of GOME data. First,
the ATSR firecount data are mapped on to the GEOS-Chem
grid (2  2.5), and HCHO data falling in grid points
where there is active fire are excluded from subsequent
analysis. We recognize the shortcomings of the firecount
data [Mota et al., 2006] but they nevertheless provide
valuable information on the location and frequency of
active fires. Second, we use elevated NO2 columns as a
marker of biomass burning to discard corresponding HCHO
columns. We use the 1997–2001 monthly mean time series
of NO2 columns (Figure 3) to determine a column
threshold, above which indicates biomass burning. Within
the burning season, defined here as August–November,
both the HCHO and NO2 peak simultaneously. The mean
NO2 during this season is 1.2  1015 molec cm2, whilst
in the rest of the year it is less than half this value.We employ
aNO2 threshold of 0.8 1015molec cm2, determined by the
time series. Outside the burning season the monthly mean
NO2 columns rarely exceed this threshold level.
3. Modeling HCHO Columns Over Tropical
South America
3.1. GEOS-Chem Chemistry Transport Model
Framework
[18] GEOS-Chem is a global 3-D chemistry transport
model (v7.04), applied here to simulate O3-NOx-VOC-
aerosol for the interpretation of HCHO columns from the
GOME instrument. The model is forced with assimilated
meteorological data from the Goddard Earth Observing
Figure 1. Monthly mean GOME HCHO slant columns (molec cm2) over tropical South America for
January–December 1997–2001, averaged on the GEOS-Chem 2  2.5 grid. The GOME data are for
1000–1200 local time (LT) and correspond to observations with cloud cover 40%. No measurements
are available for February, November, and December of 2001. HCHO column data southeast of the black
line are compromised by the South Atlantic Anomaly (section 2.2).
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System (GEOS-4) of the NASA Global Modelling and
Assimilation Office (GMAO) [Bey et al., 2001]. The
GEOS-4 data have a 6-hour temporal resolution (3-hour
for surface variables and mixing depths) and a 1  1.25
horizontal resolution. There are 55 hybrid eta levels that
extend from the surface to 0.01 hPa. The boundary layer up
to 2 km is resolved by 5 layers with midpoints at 58, 249,
615, 1197 and 1986 m for a column based at sea level. We
use the model at 2  2.5 horizontal grid and with 30 eta
levels, with levels above 50 hPa lumped together.
[19] The chemistry mechanism, based on work by
Horowitz et al. [1998], has approximately 80 species and
300 reactions, and includes modifications by Bey et al.
[2001], Fiore et al. [2002], Martin et al. [2003] and Park
et al. [2004]. It includes a detailed representation of oxida-
tion pathways for five nonmethane hydrocarbons (ethane,
propane, lumped >C3 alkanes, lumped >C2 alkenes and
isoprene). Under low NOx conditions (<0.1 ppb), as
typically found in tropical ecosystems away from regions
of burning [Jacob and Bakwin, 1992; Andreae et al.,
Figure 2. Monthly mean (left) GOME HCHO slant columns and (right) GOME NO2 vertical columns
averaged on the GEOS-Chem 2  2.5 grid for August–October 1997. Active burning, detected by the
ATSR instrument, is shown by grey diamonds. The distinct fire spatial distributions allow tropical South
America to be split into an eastern region where biomass burning is very common, and a western region
where wild fires are less prominent (black boxes).
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2002], the HCHO molar yields predicted by GEOS-Chem
and the Master Chemical Mechanism (MCM v3.01) [Bloss
et al., 2005] after 1 day, are 0.95 and 1.6 respectively,
comprising 66% and 68% of their ultimate HCHO yields
[Palmer et al., 2006]. This provides confidence that we can
relate observed HCHO column variability to emissions of
isoprene under low NOx conditions. However, these model
HCHO yields from isoprene oxidation at low NOx concen-
trations are considerably uncertain, reflecting current uncer-
tainties in the chemistry. Production of HCHO from a- and
b-pinenes and methylbutenol (MBO) are parameterized
using MCM calculations [Palmer et al., 2006]. Previous
studies of HCHO columns over North America showed that
HCHO columns from monoterpenes and MBO were indis-
tinguishable from noise in the column measurements
[Palmer et al., 2006]. We assessed the contribution of
monoterpenes and MBO to HCHO columns over tropical
South America by performing a sensitivity simulation
without their HCHO production. Similarly, we find their
emissions contribute only a small fraction of the HCHO
column (not shown), comparable in magnitude to the
spectral fitting uncertainty of GOME HCHO columns.
3.2. Emissions Inventories
[20] Biomass burning emissions, for 15 species including
HCHO, are from the Global Fire Emission Database
version 2 (GFEDv2) [Giglio et al., 2003, 2006; van der
Werf et al., 2006]. The GFED inventory uses 1  1
monthly carbon emissions (g C m2), determined using
satellite firecount data and the CASA biogeochemical
model [Potter et al., 1993], that are scaled by tracer
specific emissions factors [Andreae and Merlet, 2001], as
a function of vegetation type, to produce an estimate of
that tracer’s biomass burning emissions (which are sub-
sequently regridded to the GEOS-Chem grid). During
1997–2001 GFED estimates of global emissions of HCHO
are 1.55–2.81 Tg C, of which 0.13–0.35 Tg C originates
from the eastern and western regions over tropical South
America (Figure 2). Anthropogenic emissions are described
by Park et al. [2004].
[21] Biogenic emissions of isoprene, monoterpenes and
methylbutenol (MBO) are based on the Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN)
[Guenther et al., 2006]. Emissions of limonene, a BVOC
with a potentially large but unquantified HCHO time-
dependent yield, are not considered in this study as they
only comprise 2–10% of the total monoterpene species
over the Amazon Basin [Kesselmeier et al., 2000, 2002b].
[22] MEGAN contains significant improvements to the
base emission factors and driving algorithms in relation to
the GEIA inventory [Guenther et al., 1995]. Isoprene
emissions E in MEGAN are parameterized as
E ¼ E0  gT  gPAR  gLAI  gAge  gSM  r; ð1Þ
where E0 is the baseline emission factor for standard
conditions (in mg of isoprene m2 h1), which is adjusted
to the local environmental conditions by dimensionless
‘‘activity’’ factors that correct for variations in leaf
temperature gT (as a function both of the current
temperature and the average over the last 15 days),
photosynthetically active radiation (PAR) gPAR, leaf area
index gLAI, leaf age gAge and soil moisture gSM. Each of the
activity factors are normalized to standard conditions (air
temperature = 303 K, PAR = 1500 mmol m2 s1, leaf area
index = 5, soil moisture = 0.3 m3 m3). The effect of soil
moisture gSM is not taken into account in the current
GEOS-Chem implementation of MEGAN. A recent study
has shown that gSM is close to unity over tropical South
America throughout the year [Mu¨ller et al., 2008]. Isoprene
production and losses within the vegetation canopy itself,
represented by the normalized ratio r, are also not
implemented (i.e., r = 1).
Figure 3. Time series of the monthly mean gridded GOME HCHO slant columns (dotted light grey
line) and GOME NO2 vertical columns (solid black line), over the eastern region during 1997–2001,
calculated using only grid squares in which wild fires occur. The corresponding total number of ATSR
firecounts is shown by the dashed dark grey line. The NO2 threshold of 0.8  1015 molec cm2 used to
identify biomass burning is shown as the solid horizontal black line. The beginning (August) and end
(November) of the burning season is indicated by the solid vertical black lines.
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[23] In standard GEOS-Chem simulations, the baseline
MEGAN isoprene emission factors are regridded from 1 
1 to the GEOS-Chem horizontal resolutions and driven by
3-hourly surface air temperatures (at 2 m height), and by
diffuse and direct PAR from GEOS-4. Variations in LAI are
based on monthly mean values for the year 2000, derived
from the Advanced Very High Resolution Radiometer
(AVHRR) [Myneni et al., 1997].
4. Model Evaluation
[24] In this section, we evaluate the ability of MEGAN
and GEOS-Chem to reproduce observed isoprene and
HCHO concentrations from aircraft [Kuhn et al., 2007],
balloon [Helmig et al., 1998], and tower [Kesselmeier et
al., 2002b; Trostdorf et al., 2004] platforms over tropical
South America (validation data are summarized in Table 2;
measurement locations are shown in Figure 4). The reader
should be aware that the balloon measurements of Helmig
et al. [1998] have been used to construct the MEGAN
isoprene emission inventory over South America. To
provide the reader with some idea of the uncertainty
associated with regional modeling of isoprene emissions
we have included in this section four model runs that use
different versions of MEGAN and different temperature
fields to drive MEGAN.
[25] 1. MEGAN v2004 uses base emission factors E0,
downloaded from the National Centre for Atmospheric
Research (NCAR) website in 2004 (referenced online as
MEGANv1; http:/bai.acd.ucar.edu/Megan/index.shtml),
driven by the air temperature 2 m above the surface, T(0).
The v2004 map is based on 7 field studies conducted in the
Amazon between 1979 and 2000 [Guenther et al., 2006].
[26] 2. MEGAN v2004 T(1) is the same asMEGAN v2004
but is driven by temperature in the first model layer, T(1).
Mature rainforest canopies can be as high at 40–50 m, which
is comparable with the thickness of the first GEOS-Chem
model layer (100 m). T(1) is on average 1.6 K lower than
T(0), and represent a 6-hour average instead of a 3-hour
average.
[27] 3. MEGAN v2006 uses base emission factors
downloaded from NCAR in 2006 (referenced online as
MEGANv2), driven by the surface air temperature. The
v2006 emission factors are based on the original v2004
map, but include updates from (1) an additional 5 studies
conducted between 2000 and 2004 in Amazonia and the
Guyanas, and (2) more recent vegetation distribution maps
that indicate a high fraction of isoprene emitting species (e.g.,
Figure 4. Site locations of the in situ measurements (symbols) used to validate GEOS-Chem (section 4)
and to construct the MEGAN bottom-up inventory [Guenther et al., 2006] (black orthogonal crosses).
The solid black line represents the division between the east and west regions defined in Figure 2.










500 km west of Iquitos, Peru Primary Isoprene July 1996 Tethered Balloon Helmig et al. [1998]
Tapajo´s National Forest, Brazil Primary Isoprene 2002 Tower (59 m) Trostdorf et al. [2004]
60 km NNW of Manaus, Brazil Mature Isoprene July 2001 Aircraft Kuhn et al. [2007]
Tower A, Rebio Jaru, Rondonia, Brazil Primary HCHO May, Oct 1999 Tower (24–52 m) Kesselmeier et al. [2002b]
IBAMA, Rebio Jaru, Rondonia, Brazil Secondary HCHO May, Oct 1999 Scaffold (8–10 m) Kesselmeier et al. [2002b]
aThe sampling heights for the towers and scaffold are shown in brackets.
D20304 BARKLEY ET AL.: TROPICAL SOUTH AMERICA BVOC EMISSIONS
7 of 24
D20304
bamboo, palm) in regions such as the Brazil/Peru border
[Guenther et al., 2006].
[28] 4. MEGAN v2006 T(1) uses the v2006 emission
factors, as described above, but driven with the temperature
of the first model layer, T(1).
[29] Figure 5 shows in general v2006 isoprene emission
factors are larger than those from v2004, with the exception
of Southeast Brazil. The largest differences occur over the
Brazil-Peru border, along the east coast over Guyana,
Suriname and French Guiana, and over a transect over Brazil
which approximately follows the Rio Tapajo´s and Rio
Juruena rivers (reflecting observations madewithin the Rebio
Jaru ecological reserve [see, e.g., Greenberg et al., 2004]).
[30] For each individual data set we sampled the model at
the time and location of the data. For computational
expediency, we ran the model at a reduced spatial resolution
of 4  5. All individual model runs were spun up for at
least 2 months from initial conditions, based on previous
(6 month) model runs, to let the tracer distributions stabilize.
4.1. Isoprene: Vertical Profiles and Seasonal Cycle
[31] Helmig et al. [1998] determined vertical profiles of
isoprene and four monoterpenes during 7–15 July 1996
over the Peruvian Amazon, approximately 500 km west of
Iquitos, by collecting air samples onto solid adsorbent
cartridge packages that were attached to a balloon and
tether line. These experiments resulted in 10 vertical
isoprene profiles between the surface (2 m) and up to
1600 m height within a primary tropical forest site, of
average canopy height 20–30 m. Figure 6 shows a general
good agreement between the isoprene in six selected
profiles and simulations from the MEGANv2004 T(1)
model; the other simulations show a significant positive
bias. In contrast to the in situ measurements, which show a
rapid decay of isoprene at approximately 1500 m, the
models exhibit a much slower decline with altitude as
concentrations are well-mixed in the PBL. This disagree-
ment either suggests that (1) isoprene is being consumed
above the PBL faster (at this location) than currently
simulated or (2) more likely reflects the difference in the
PBL heights of the in situ point measurements (<1500 m)
and the relatively coarse model grid square (1500–
2000 m).
[32] Kuhn et al. [2007] employed an automated VOC
sampler onboard an EMB 1001B1 aircraft, to sample the
above-canopy atmosphere over the central Amazon basin
Figure 5. (top) The annual MEGAN isoprene emission factors (mg of isoprene m2 h1) normalized to
standard conditions, on 1  1 grid, downloaded from NCAR in (left) 2004 and (middle) 2006, and
(right) their difference (v2006–v2004). (bottom) The corresponding GEOS-Chem HCHO vertical
columns (molec cm2) computed for August 2000, sampled at the same time and location of individual
GOME observations with cloud cover 40%, averaged onto the GEOS-Chem 2  2.5 grid. The
maximum difference between the HCHO columns is 1.8  1016 molec cm2.
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during 5–17 July 2001. Figure 7 shows that the observa-
tions and the models agree on the confinement of isoprene
to the lowermost 1500 m of the atmosphere, though the
observations show a faster decline with altitude near the
surface than the model, reflecting errors in model chemis-
try and transport. The best agreement to the observations is
found with MEGANv2004, particularly with the T(1)
temperature correction, with average positive model bias
of 1–2 ppb. The MEGANv2006 models significantly
overestimate the observed isoprene concentrations.
[33] Figure 8 shows the only (almost) complete observed
seasonal cycle of isoprene concentrations currently avail-
able over the Amazon Basin at Tapajo´s National Forest,
Brazil [Trostdorf et al., 2004]. The observations show a
strong seasonal variation with high isoprene concentrations
(3–5 ppbv) in both the wet and dry seasons, separated by
lower concentrations (1 ppbv) during a wet to dry transi-
tional period (June–July). The measurements also show
that isoprene concentrations are typically 30% higher in the
dry season than the wet season, the reason for which is
unresolved. Trostdorf et al. [2004] suggest it is linked with
water availability but it is also possible that changes in
vegetation phenology are responsible [Kesselmeier, 2004;
Kuhn et al., 2004a]. Dry season isoprene concentration
increases of 100% have been observed elsewhere in the
Amazon [Kesselmeier et al., 2002b]. The models are
generally unable to reproduce this pronounced seasonal
cycle, with model isoprene concentrations much higher than
observations. MEGAN v2004 produces a much closer match
to the observations than MEGAN v2006, reproducing the
observed variability in the dry season but having a positive
bias during the rest of the year. The MEGAN v2004 T(1)
simulation fails to capture the dry season isoprene mixing
ratios but more accurately estimates the annual mean and has
an overall negative bias of 1%, compared with MEGAN
v2004 (27%), MEGAN v2006 (60%) and MEGAN v2006
T(1) (41%) model runs. Model bias is defined here, and
elsewhere in the paper, as











o are the model and observed quantities
respectively [Balkanski et al., 1993]. On the basis of these
available observations the MEGAN v2004 T(1) simulation
produces the closest match to the observed isoprene mixing
ratios over central Amazonia.
4.2. HCHO: Season Cycle
[34] Here, we examine model and observed surface
HCHO concentrations at two towers within the Rebio Jaru
ecological reserve, located 100 km north of Ji-Parana in the
Figure 6. Comparison of model isoprene profiles (ppb) with six of the in situ tethered balloon
measurements, observed within the Peruvian Amazon (4.58S, 77.4W) during July 1996 [Helmig et al.,
1998]. Observations are shown in black, alongside the respective MEGAN v2004 (green), MEGAN
v2004 T(1) (blue), MEGAN v2006 (red), and MEGAN v2006 T(1) (yellow) model simulations.
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Figure 7. Comparison of model isoprene profiles (ppb) from the four MEGAN simulations (section 4)
with aircraft observations over central Amazon (approximately 60 km NNW of Manaus, Brazil), during
July 2001 [Kuhn et al., 2007]. All aircraft flights took place during the morning (1000–1200 LT), with a
typical flight pattern consisting of a continuous spiral upward from >50 m to >3000 m in altitude,
followed by a stepwise spiral descent within the vicinity of the K34 tower (2.58S, 60.20W) located in
the Reserva Biologica do Cuieiras forest reservation.
Figure 8. Comparison of model isoprene mixing ratios, corresponding to 1000–1200 LT (sampled
daily), with in situ tower measurements (sampling height 60 m) made within the National Forest of
Tapajo´s (3.0S, 54.9W), Brazil, during 2002 [Trostdorf et al., 2004]. The model simulations are:
MEGAN v2004 (green), MEGAN v2004 T(1) (blue), MEGAN v2006 (red), and MEGAN v2006 T(1)
(yellow) (section 4).
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state of Rondoˆnia, Brazil [Kesselmeier et al., 2002b].
Measurements of HCHO concentrations were made during
the ‘‘wet-to-dry’’ (April–May) and ‘‘dry-to-wet’’ (September–
October) transition periods of 1999, as part of the
LBA-EUSTACH-1 and LBA-EUSTACH-2 campaigns,
respectively [Andreae et al., 2002], providing some
insight into the seasonal cycle. One tower (hereinafter
known as Tower A) was located within the Rebio Jaru nature
reserve (100405500S, 615504800W), and the other tower was
located at the Brazilian Environmental Protection Agency
Instituto Brasileiro de Meio Ambiente e Recursos Renova´-
veis (IBAMA) camp (100804300S, 615402700W). Tower A
was situated within primary rainforest and the IBAMA tower
was located at the edge of secondary forest; canopy heights
were 25–45m and 8–15m respectively. The sampling intake
heights for the HCHO observations used within this work
were 52 m (Tower A) and 10 m (IBAMA).
[35] Figure 9 shows that the model and observed con-
centrations are generally higher by a factor of 2–3 in the
‘‘dry-to-wet’’ period. The model generally has a positive
bias in the ‘‘wet-to-dry’’ months (especially at the IBAMA
tower), but shows reasonable agreement during the ‘‘dry-
to-wet’’ months. MEGAN v2004 T(1) HCHO concentra-
tions are the most consistent with observed values. We find
that MEGAN v2004 and MEGAN v2006 T(1) HCHO
concentrations are almost indistinguishable. Observed
HCHO concentrations show a strong diurnal cycle, with
values peaking in late afternoon and decreasing close to zero
during night, reflecting the diurnal cycle of isoprene emis-
sion and its photochemical destruction, and uptake of HCHO
by vegetation and soils [Jacob and Wofsy, 1988; Kuhn et al.,
2002; Rottenberger et al., 2004]. Model HCHO concentra-
tions have a similar diurnal cycle, but HCHO remains
relatively high during nighttime. We attribute this to the
model nighttime boundary layer falling below the thickness
of the first model layer (130 m). Above the boundary layer,
nighttime isoprene concentrations are assumed to be com-
parable to daytime values [Rasmussen and Khalil, 1988].
This nighttime excess of isoprene can be converted to
HCHO via reaction with O3 and the nitrate radical NO3.
Simulated and observed isoprene mixing ratios at the
IBAMA camp (not shown) exhibit the same characteristics
of the respective HCHO data sets.
[36] Figure 10 shows that monthly mean GOME HCHO
vertical columns over western South America (defined in
Figure 2) peak in the March (wet season) and August–
September (dry season), with very low HCHO columns
(close to values determined solely by CH4 oxidation)
during a transition period in May. The low HCHO columns
observed in May are suggestive of a dramatic reduction in
HCHO production and are consistent with the low HCHO
mixing ratios observed at the IBAMA and tower A sites
(Figure 9). Dry season columns are typically 20% higher
than wet season columns. This seasonal cycle is consistent
with that of isoprene concentrations shown above in
Figure 8. Owing to the fire-screening procedure, the annual
and dry season mean HCHO columns over the western
zone are 23% and 66% lower than the corresponding mean
columns over the eastern region, respectively.
[37] Model HCHO columns are generally higher than
observed values and do not reproduce the observed seasonal
cycle, with columns gradually increasing during May–July
reaching a peak in the dry season. Table 3 shows that the
annual mean model biases (exclusive of active burning
regions) range from 35 to 56%, depending on the model
used, with the MEGAN v2004 T(1) simulation providing
the best fit to observed columns. The model bias is smaller
when both east and west regions are considered together,
although the spatial correlation with the GOME HCHO
columns is worse. Two possible reasons for the positive
model bias include (1) the MEGAN isoprene emissions are
too high, and (2) physical processes (e.g., dry deposition,
turbulent mixing) and also above and within-canopy chem-
istry is inadequately represented in the model (section 6).
In the latter case, the use of the newer (higher) v2006
emission factors, will amplify this model shortcoming
leading to a larger model bias (even if the emission factors
are considered to be more accurate). Compared with GEIA
[Guenther et al., 1995], the isoprene emissions over the
western region predicted by the MEGAN v2004 T(1) and
v2006 T(1) simulations are, on average, 30% and 54%
higher. However, tropical rainforest emissions in GEIA are
based on ambient isoprene concentration measurements
from only a single study [Zimmerman et al., 1988] and
are therefore much more uncertain.
[38] The MEGAN v2004 T(1) model generally provides
the closest match to observed concentrations of isoprene
and HCHO, and will be used in subsequent model calcu-
lations performed at an increased 2  2.5 horizontal
resolution. The higher-resolution simulation was initialized
by a 6-month spin up from July to December of 1999, and
then restarted to run through January to December of 2000.
The HCHO shape factors and aerosol fields, used to
calculate the GOME AMFs (section 2.1), are taken from
this simulation.
5. Isoprene Emissions Inferred From HCHO
Columns
5.1. Methodology
[39] The method adopted to infer VOC emissions from
HCHO columns is based on mass balance and follows
Palmer et al. [2003]. VOCs emitted into the column at a
rate Ei (atom C cm
2 s1) are oxidized producing HCHO
with a per carbon yield Yi, with HCHO losses by oxidation
and photolysis denoted by the first-order column-integrated
loss rate constant kHCHO (s
1). Assuming steady state
conditions, and neglecting horizontal transport, the resulting







Horizontal transport spatially smears this local relationship
by an amount that depends on the wind speed, the rate of
production of HCHO from parent VOCs and the lifetime of
HCHO. VOCs with large emissions, high HCHO yields
and short lifetimes will generally determine the variability
of HCHO columns, with long-lived VOCs (e.g., CH4)
largely determining background concentrations. Previous
studies over North America in summertime have shown
that isoprene, with a lifetime of approximately an hour and
a HCHO yield of 0.3–0.4 C1 depending on NOx
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concentrations, have a spatial smearing length of <100 km
[Palmer et al., 2003, 2006]. This length scale is
comparable with the horizontal dimensions of GOME
pixels (40  320 km2), suggesting that observed variability
of GOME HCHO is determined largely by isoprene
oxidation [Palmer et al., 2003, 2006; Millet et al., 2006].
Other short-lived biogenic VOCs with similar HCHO
yields, such as a- and b-pinene, have a delayed production
of HCHO due to the acetone oxidation intermediate,
leading to a smearing length of many 100s km.
[40] Over the Amazon, model emissions of monoterpenes
and MBO are typically an order and 3 orders of magnitude
less than the emissions of isoprene, respectively. Figure 10
shows that isoprene is the primary driver for variability of
Figure 9. Comparison of model HCHO mixing ratios with in situ tower measurements made within the
Rebio Jaru ecological reserve, Rondoˆnia, Brazil, at the IBAMA camp (100804300S, 615402700W)
(top three panels) and at the Tower A site (100405500S, 615504800W) (bottom three panels), over different
sampling periods during 1999 [Kesselmeier et al., 2002b]. Blue and red dots denote morning and
afternoon observations, respectively. See section 4.2 for further details.
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model HCHO columns over tropical South America away
from biomass burning, and is supported by our analysis of
observed NO2, HCHO and firecount data (section 2.2).
[41] To infer isoprene emissions from GOME HCHO
observations, we linearly regress model isoprene emissions
EMEGAN (atom C cm2 s1) and HCHO columns WGEOS
(molec cm2) that have been sampled at the time and
location of each GOME observation and averaged on the
model 2  2.5 grid,
WGEOS ¼ SEMEGAN þ B: ð4Þ
The slope S (s) represents the HCHO column produced
from the emission of isoprene, and the intercept B represents
the HCHO background from the oxidation of longer-lived
VOCs. The transfer function used to estimate isoprene
emissions that are consistent with observed HCHO columns
can be inferred by transposing equation (4) and using model
values of S and B,
EGOME ¼ WGOME  B
S
: ð5Þ
Table 3. Comparison of GEOS-Chem and GOME HCHO Vertical Columns for 2000 Over Tropical South Americaa
Month
Biasb (%) Correlation rb
v2004 v2004 T(1) v2006 v2006 T(1) CORR v2004 v2004 T(1) v2006 v2006 T(1) CORR
Jan 23.1 (23.3) 15.1 (14.1) 29.6 (35.4) 21.8 (26.6) 9.3 (9.9) 0.36 (0.50) 0.38 (0.53) 0.27 (0.48) 0.30 (0.50) 0.48 (0.77)
Feb 29.7 (30.6) 20.5 (20.8) 35.1 (44.1) 26.6 (35.0) 10.9 (11.9) 0.41 (0.76) 0.41 (0.75) 0.32 (0.75) 0.33 (0.45) 0.45 (0.82)
March 48.7 (46.8) 43.1 (39.6) 53.9 (55.6) 48.6 (49.5) 37.5 (33.9) 0.15 (0.41) 0.17 (0.44) 0.19 (0.38) 0.21 (0.26) 0.26 (0.60)
April 59.3 (59.2) 55.1 (54.5) 62.0 (66.1) 57.8 (61.6) 45.6 (47.2) 0.40 (0.50) 0.40 (0.51) 0.40 (0.48) 0.42 (0.48) 0.48 (0.61)
May 48.1 (53.5) 43.3 (49.3) 51.4 (60.3) 46.4 (56.2) 33.3 (40.5) 0.30 (0.29) 0.32 (0.33) 0.24 (0.25) 0.26 (0.42) 0.42 (0.50)
June 60.3 (67.1) 56.5 (63.4) 64.3 (72.8) 60.8 (69.5) 50.0 (57.1) 0.43 (0.45) 0.43 (0.46) 0.41 (0.43) 0.42 (0.49) 0.49 (0.56)
July 31.4 (34.3) 24.1 (26.1) 40.3 (46.0) 33.3 (38.2) 14.7 (15.3) 0.21 (0.30) 0.23 (0.32) 0.18 (0.27) 0.19 (0.32) 0.32 (0.46)
Aug 39.0 (46.6) 29.0 (36.1) 51.0 (59.7) 42.5 (51.0) 14.2 (20.3) 0.55 (0.55) 0.57 (0.58) 0.51 (0.51) 0.52 (0.64) 0.64 (0.66)
Sept 33.3 (39.3) 21.8 (27.2) 46.4 (53.9) 36.4 (43.6) 9.3 (13.7) 0.65 (0.67) 0.69 (0.71) 0.58 (0.61) 0.62 (0.79) 0.79 (0.85)
Oct 48.5 (52.4) 38.0 (42.3) 56.0 (59.9) 50.2 (54.7) 23.1 (27.6) 0.61 (0.57) 0.65 (0.60) 0.59 (0.55) 0.60 (0.77) 0.77 (0.74)
Nov 42.2 (48.8) 33.9 (40.4) 49.8 (59.6) 42.5 (52.4) 20.3 (26.8) 0.42 (0.56) 0.45 (0.59) 0.35 (0.51) 0.38 (0.56) 0.56 (0.72)
Dec 44.0 (39.6) 37.3 (32.5) 52.6 (50.9) 46.3 (44.1) 22.6 (16.6) 0.18 (0.42) 0.19 (0.42) 0.18 (0.42) 0.19 (0.24) 0.24 (0.54)
Mean 42.3 (45.1) 34.8 (37.2) 49.4 (55.5) 42.8 (48.5) 24.3 (26.7) 0.39 (0.50) 0.41 (0.52) 0.35 (0.47) 0.37 (0.49) 0.49 (0.65)
aTropical South America is defined as the western and eastern regions shown in Figure 2.
bModel biases (equation (7)) and correlations are for the MEGAN v2004, MEGAN v2004 T(1), MEGAN v2006, and rc corrected (CORR) simulations
respectively (sections 4 and 5.2), relative to the HCHO vertical columns observed by GOME (calculated using AMFs from the corresponding model run).
Values in parentheses are for the western region alone.
Figure 10. Monthly mean GEOS-Chem and GOME HCHO vertical columns (molec cm2) over
western South America (Figure 2) calculated using fire-free regions (section 2.2). The ±1-s standard
deviation are shown on the GOME mean (black). The v2004, v2004 T(1), v2006, and v2006 T(1) model
simulations are shown by the purple, blue, dark green, and yellow lines, respectively. A sensitivity run
without any isoprene emissions (OFF) is given by the light green line. The HCHO columns from the rc
corrected simulation (CORR) (discussed in section 5) are shown in red.
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Previous studies have either defined regional transfer
functions on the basis of prior knowledge of vegetation
and spatial patterns of observed GOME HCHO columns
[Palmer et al., 2003, 2006], or spatially resolved transfer
functions to take advantage of better spatial resolved data
from the Ozone Monitoring Instrument (OMI) [Millet et al.,
2007]. For this study we use a transfer function representa-
tive of the whole western domain (Figure 2) owing to the
GOME data that are not contaminated by clouds or fires.
[42] Figure 11 shows the correlations between the
isoprene emissions and HCHO columns calculated by
GEOS-Chem over tropical South America for the year
2000, and the associated monthly mean regression slopes
and backgrounds. The high correlations, generally >0.85,
reflect the strong local dependence of HCHO columns
over this region on isoprene emissions, also demonstrated
by Figure 10. Model slopes show a clear seasonal variation,
with lowest values in the wet season (January–March) and
highest values in the transitional and dry seasons (April–
September). This variation reflects higher average OHmodel
concentrations (2.1–2.2  106 molec cm3) in the wetter
months (owing to an abundance of water vapor), and lower
OH concentrations (1.3–1.8  106 molec cm3) in the
transitional period. OH availability affects the regression
slopes (YIsoprene/kHCHO) as it influences the rate and
amount of HCHO generated, and the rate at which HCHO
is lost.
[43] Background values range from 4.4 to 6.9 
1015 molec cm2, with smallest values during the wet-
to-dry transition period. This variation likely represents an
integrated background from the oxidation of VOCs with
lifetimes too long for GOME to distinguish them individ-
ually [Palmer et al., 2006]. We use these monthly linear
transfer functions from 2000 to infer isoprene emissions for
the whole GOME record considered in this paper, 1997–
2001. We chose 2000 because it directly corresponds to the
time period of the AVHRR LAI data. Previous studies have
shown that interannual variability in the transfer functions is
small [Palmer et al., 2006].
5.2. Seasonal and Interannual Variability of GOME
Isoprene Emissions
[44] Figure 12 shows the seasonal variation in GOME
and MEGAN isoprene emissions during May–November
2000. There is broad agreement between MEGAN and
GOME temporal variations in isoprene but the spatial
agreement is generally poor, with spatial correlations
Figure 11. (top) Monthly mean correlations and (middle and bottom) linear regression coefficients
(equation (4)) between the model isoprene and HCHO columns over western South America (Figure 2)
during 2000. Model data are sampled along GOME’s orbital track at the same time and location of
individual observations with cloud cover 40%, and averaged on to the 2  2.5 GEOS-Chem grid.
Figure 12. Monthly mean isoprene emissions (atom C cm2 s1) during May–November 2000, corresponding to 1000–
1200 LT, over: (a) the western region (excluding fire-contaminated regions), as derived by GOME; (b) the western region,
as predicted by MEGAN at the GOME locations (MEGAN (G)); (c) the entire Amazon, using GOME emissions integrated
with rc corrected MEGAN emissions (GOME (I)); and (d) the entire Amazon, predicted by the (uncorrected) MEGAN
emissions. The solid black line represents the division between the east and west regions defined in Figure 2. The emissions
are averaged on to the 2  2.5 GEOS-Chem grid and correspond to observations where the cloud cover is 40%. The
monthly totals are shown inset. (e) The MODIS EVI monthly distributions which are an indicator of vegetation greening
(section 5.2), remapped on to the GEOS-Chem grid [Huete et al., 2002].
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typically <0.4. Spatial correlations between MEGAN and
GOME, during August and September when emissions
peak, are much higher with values of 0.7 and 0.6, respec-
tively. GOME and MEGAN agree on higher isoprene
emissions during the dry season, determined in MEGAN
by the higher temperatures and light levels [Guenther et al.,
1995]. MEGAN predicts much greater emissions than
GOME, over west Brazil during August–October. MEGAN
generally has a positive bias, with the bias larger in the dry
season than the wet season (Table 4).
Figure 12
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[45] To develop a contiguous distribution of isoprene
emissions over tropical South America for subsequent model
calculations we combine MEGAN and GOME isoprene
emissions, filling in undetermined grid squares (excluded
because of biomass burning) using the model emissions. We
take into account that MEGAN estimates isoprene emitted
from the canopy foliage, whereas GOME infers the net
isoprene flux emitted from above the forest canopy, i.e.,
including above and within-canopy chemistry and physics,
by approximating a canopy production and loss ratio, relative






where EGOME and EMEGAN are the observed and model
isoprene emissions at each model grid square, respectively.
The ratio rc reflects not only losses within the canopy but
also possible inadequately parameterized or poorly con-
strained GEOS-Chem model processes (e.g., turbulent
mixing, missing chemical sinks) within the PBL.
[46] For each individual cloud-free GOME observation
we calculate a ‘‘corrected’’ MEGAN isoprene emissions
using (EMEGAN)c = EMEGAN + (EMEGAN  rc). Values of rc
range 0.99 to 0.95. Monthly mean correction factors were
applied to model grid points where rc was unable to be
calculated, and additionally to those grid boxes falling in the
eastern region (where burning is widespread and rc is
considered only as a first approximation). Monthly mean
rc values range from 0.25 to 0.44; the average monthly
correction is 0.36. The correction factors are significantly
greater than current in-canopy loss estimates (10%)
[Guenther et al., 2006; Kuhn et al., 2007; Karl et al., 2007].
[47] Figure 12 shows the contiguous isoprene distribution
determined by GOME and MEGAN for 2000. Note that
using monthly mean rc to scale MEGAN isoprene emis-
sions over the eastern region does not alter the spatial
distribution of emissions, reflected by spatial correlations
given in Table 4. We find that MEGAN isoprene emissions
are 33% higher than the emissions inferred from GOME
(Table 4). During the dry season, the highest isoprene
emitting areas are over central and western Amazon and
along the Brazilian borders with Peru and Bolivia. Figure 12
also shows that variations in MEGAN and GOME isoprene
emissions are consistent with variations in the Enhanced
Vegetation Index (EVI), an indicator of vegetation greening,
determined from the MODIS sensor [Justice et al., 1998;
Huete et al., 2002]. The average spatial correlation during
the dry season, between the EVI and the GOME and
MEGAN isoprene emissions are 0.57 and 0.64 respectively
(over the combined eastern and western regions; see
Table 4). Recent studies have documented an average
25% increase in EVI over the Amazon basin during the
dry season when temperatures and level of sunlight are
generally higher than the rest of the year [Huete et al., 2006;
Saleska et al., 2007], suggesting that sunlight has more
influence on mature rainforest productivity than previously
thought. Deep rooting of mature plant species ensures
access to soil water throughout the year [Nepstad et al.,
1994; da Rocha et al., 2004], so unless vegetation experi-
ence severe drought stress isoprene emissions are unlikely
to be significantly affected [Pegoraro et al., 2006].
[48] Figure 13 shows the contiguous GOME/MEGAN
isoprene emissions over 1997–2001. There is little year-to-
year variation in the seasonal distribution of emissions over
this period, with emissions generally increasing from May
and peaking in August and September, consistent with the
seasonal variation in HCHO columns (Figure 1, section 2.2).
The Amazon Basin (western Brazil) consistently has the
largest emissions, with emissions over the Guyannas, Peru
and the northwestern countries generally lower. The highest
annual isoprene emissions occur in El Nin˜o years (1997/
1998), owing to the associated warmer temperatures, in
agreement with previous studies [e.g., Lathie`re et al., 2006;
Mu¨ller et al., 2008].
[49] Figure 14 shows that including GOME isoprene
emissions in GEOS-CHEM improves the agreement between
model and observed HCHO column, with the mean model
bias reduced from 35% to 24% and the spatial correlation
increased slightly from 0.41 to 0.46 (Table 3). If we consider
only the less noisy observed columns over the western
region, the GOME isoprene emissions reduce the mean
model bias from 36% to 25% and increase the spatial
Table 4. Summary of the GOME and MEGAN Isoprene Emissions for the Year 2000 Over Tropical South Americaa
Month
Monthly Totals (Tg C)
Bias (%) Correlation
EVI Correlationb
GOMEc MEGANd GOMEc MEGANd
Jan 19.2 (7.9) 24.9 (9.9) 19.3 (9.2) 0.71 (0.31) – – – –
Feb 13.1 (3.0) 18.0 (4.2) 25.8 (21.4) 0.88 (0.60) 0.58 (0.45) 0.62 (0.57)
March 11.4 (4.0) 15.7 (4.7) 27.5 (9.3) 0.70 (0.29) 0.46 (0.30) 0.60 (0.73)
April 8.2 (2.5) 16.2 (4.5) 47.2 (31.6) 0.82 (0.46) 0.46 (0.24) 0.58 (0.57)
May 12.4 (4.3) 21.9 (8.0) 37.8 (30.2) 0.72 (0.14) 0.43 (0.20) 0.53 (0.43)
June 13.4 (4.5) 20.2 (6.8) 29.6 (19.8) 0.81 (0.33) 0.49 (0.11) 0.55 (0.38)
July 12.6 (5.9) 19.1 (9.1) 28.4 (20.9) 0.72 (0.27) 0.45 (0.12) 0.68 (0.70)
Aug 20.0 (8.2) 31.3 (13.0) 33.5 (30.3) 0.93 (0.70) 0.54 (0.36) 0.58 (0.50)
Sept 23.0 (9.6) 33.6 (14.3) 27.8 (23.5) 0.90 (0.60) 0.58 (0.24) 0.63 (0.61)
Oct 22.1 (6.1) 38.8 (11.0) 41.0 (37.3) 0.91 (0.49) 0.55 (0.14) 0.60 (0.48)
Nov 11.6 (4.8) 19.3 (8.4) 36.1 (32.5) 0.78 (0.47) 0.59 (0.30) 0.74 (0.71)
Dec 14.3 (3.6) 25.2 (6.2) 42.5 (36.2) 0.80 (0.23) 0.50 (0.02) 0.66 (0.69)
Mean 15.1 (5.4) 23.7 (8.3) 33.0 (25.2) 0.81 (0.41) 0.47 (0.20) 0.56 (0.53)
aTropical South America is defined as the western and eastern regions shown in Figure 2. Values in parentheses correspond to data over the western
region alone (exclusive of fire-contaminated regions).
bThe correlation of the GOME and MEGAN isoprene emissions with the MODIS Enhanced Vegetation Index (EVI) (section 5.2).
cThe GOME emissions are integrated with the rc corrected MEGAN values (section 5.2). Data over the western region correspond to top-down GOME
emissions only.
dMEGAN emissions are taken from the v2004 T(1) simulation (section 4.2).
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correlation from 0.53 to 0.64. The temporal variability of the
rc-corrected columns is more consistent (than the uncorrect-
ed columns) with the observed columns for all years studied,
particularly during the dry season (Figure 10). It is clear
therefore, that implementing an above and within-canopy
production and loss factor is a requirement for modeling the
net isoprene fluxes over the tropical Amazon (within the
GEOS-Chem framework).
5.3. Error Analysis
[50] We estimate the total error, e, of the emissions
inferred from GOME HCHO columns as the quadrature
sum of (1) the slant column fitting error eF, (2) the error in
the AMF calculation eA, (3) the error of diffuser plate
correction eD, and (4) the errors corresponding to the







þ eA  AMFð Þ2 þ eDð Þ2 þ eSð Þ2 þ eBð Þ2
r
: ð7Þ
The first three terms are related to the retrieval of the HCHO
vertical column. We normalize the slant column spectral
fitting error (4 1015 molec cm2), and the AMF calculation
error (30%), by the slant column density and the AMF,
respectively, and assign a uniform value of 10% (i.e.,1.0
1014 molec cm2) to the uncertainty in the diffuser plate
correction, consistent with the work of Shim et al. [2005] and
Palmer et al. [2006]. We find the average sum of these terms
to be 76%, and 91% over the western and eastern regions,
respectively. Degradation of the HCHO retrieval by the SAA
contributes to the higher values in the eastern zone.
[51] The last two terms eS and intercept eB represent the
errors in the GEOS-Chem chemistry mechanism. Previous
studies focused on North America have assigned an error of
30% to the linear regression based on comparisons to in situ
observations and to the Master Chemical Mechanism
[Palmer et al., 2006; Millet et al., 2006]. Over the Amazon
in low-NOx conditions, the fate of RO2 radicals produced
from isoprene oxidation by OH and the subsequent
recycling of organic peroxides is much more uncertain
Figure 14. GOME and GEOS-Chem HCHO vertical columns for July–September 2000. The model
columns have been computed using GOME isoprene emissions integrated with MEGAN corrected using
the factor rc (section 5.2). Their difference (GEOS-Chem  GOME) is also shown. The data have not
been screened for biomass burning (section 2.2). Scatterplots of GOME versus model HCHO columns
are shown at the right. The red line indicates the x = y relation and the green line the reduced major axis
regression [Hirsch and Gilroy, 1984]. The regression equations for August, September and October are:
y = 1.11x  7.39  1014, y = 1.04x  4.75  1014, and y = 1.18x  3.45  1015. The correlation
coefficient r and the number of useable grid squares n are also shown.
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[Palmer et al., 2003, 2006]. We therefore assign a higher
estimate of 60% to the error in the regression gradient eS to
reflect the incomplete knowledge of the more complex
oxidation pathways, acknowledging that this estimate may
be conservative. We allocate an error of 15% to represent the
uncertainty in the HCHO background, eB, from the oxidation
of CH4 and other unparameterized or unknown VOCs.
[52] Using these assigned values we calculate a total error
in the GOME isoprene emissions, derived over the western
region, of about 98%. Errors associated with isoprene
emissions inferred from GOME data over the eastern
region, where we have used the average rc values (derived
from the western region), are much higher (>100%).
Despite these top-down isoprene emissions being uncertain
by at least a factor of 2 they are still comparable with
current bottom-up inventories whose emission estimates
can vary by at least a factor of 2 to 3 depending on the
driving variable data employed [Guenther et al., 2006].
5.4. What Controls Variations in Isoprene Emissions
Over the Amazon?
[53] Variations in isoprene emissions are predominately
driven by fluctuations in temperature. Within MEGAN, the
temperature variability is parameterized by the activity
factor gT (equation (1)), which is defined as
gT ¼
Eopt  CT2  exp CT1xð Þ
CT2  CT1 1 exp CT2xð Þð Þ
; ð8Þ
where x = (1/Topt  1/T)/R with T the leaf temperature (K), R
is the gas constant, Eopt is the maximum value for gT, and
Topt is the temperature at which gT = Eopt. Both CT1 = 76 ‘
1
MPa1 mol and CT2 = 160 ‘1 MPa1 mol are empirical
coefficients representing the activation and deactivation
energies of isoprene emissions, respectively [Guenther et al.,
1999, 2006]. The functional form of equation (8) exponen-
tially increases isoprene emissions with increasing leaf
temperatures up to a maximum Topt, above which there is a
rapid fall-off reflecting a breakdown in leaf biochemistry
[Singsaas and Sharkey, 2000]. Topt and Eopt are also a
function of the mean 24-hour average temperature (K) over
the past 15 days, T15 [Guenther et al., 1999],
Eopt ¼ 1:9  expð0:125 T15  301:0ð ÞÞ ð9Þ
Topt ¼ 316:0þ 0:5 T15  301:0ð Þ: ð10Þ
Figure 15 illustrates the dependence of the monthly mean
isoprene emissions, inferred from GOME HCHO columns
over the western domain, as a function of the GEOS-4
monthly mean T(1) air temperature used here as a proxy
for the current and average leaf temperatures over the past
15 days, T and T15 respectively. The data show significant
scatter and attempts to fit an exponential curve relating T(1)
to GOME isoprene emissions were unsuccessful. Using
only data from July–November of each year (nominal dry
season) we obtain a more significant relationship with air
temperature, although there remain several outliers. We
obtain a better fit to the data if we neglect T15. Including this
15-day temperature lag yields a stronger exponential
dependence that appears more suited to the variation in the
average emissions over all months. Fitted CT1 and CT2
values, using all data, are 64.7 and 58.5, and 176.5 and
166.0, with and without T15 respectively. The fitted
activation and deactivation energies are therefore smaller
and larger than the standard values of Guenther et al. [2006],
respectively. The simultaneous fit of CT1 and CT2 fails to
converge using the dry season data (July–November),
irrespective of whether the temperature lag is fitted.
[54] Monthly mean isoprene emissions outside of the dry
season vary considerably despite only small variations in
temperature (3 K), suggesting that during these months
other factors are responsible for a large percentage of the
observed variability. The large variation in the observed wet
season emissions is also not explained with variations in
PAR; although PAR is higher during the dry season its range
of variability is typically the same during the wet and dry
months (25–30 W m2). Previous studies of in situ data
over the Amazon have concluded that water availability and
changes in leaf physiology and phenology also play a large
role in determining isoprene emission [Kuhn et al., 2004a,
2004b] but their relative importance is a subject of continuing
study. A recent study using MEGAN, driven at 0.5  0.5
resolution using ECMWF reanalyses, showed that including
precipitation and soil moisture activity factors cannot rec-
oncile model and observed isoprene fluxes over the Ama-
zon during the wet season [Mu¨ller et al., 2008]. We find no
significant correlation with the monthly mean GOME
isoprene emissions over western Amazonia with rainfall,
PAR or soil moisture (not shown), suggesting that either
GOME data are unsuitable (e.g., coarse horizontal resolu-
tion, uncertainty) to study these local processes, or that
other, possibly nonenvironmental, forcings (e.g., leaf phys-
iology) are driving observed variability.
6. Reconciling Bottom-Up and Top-Down
Isoprene Emission Estimates
[55] There are notable differences between (1) MEGAN
bottom-up isoprene emissions and top-down isoprene emis-
sions inferred from GOME, and (2) GEOS-Chem and
observed measurements of isoprene and HCHO. Here, we
offer some explanations that might help to reconcile these
discrepancies.
[56] Uncertainties in bottom-up isoprene emission models
generally arise from errors in emission factors, incorrect and
incomplete parameterizations of activity factors, and uncer-
tainties in the driving meteorological fields. As discussed
above, emission factors over South America (and in general
tropical ecosystems) are particularly uncertain, reflecting a
paucity of in situ measurements with which to test and
develop models over these region. The use of a single basal
emission factor to represent isoprene emission over an entire
growing season has already been shown to be inadequate for
certain tropical plant species [Kuhn et al., 2004a, 2004b].
The large variation in the top-down isoprene emissions
outside the dry season suggest it is determined by external
factors other than temperature and light. Improved under-
standing of plant physiological and phenological changes,
and their possible incorporation into MEGAN, represents an
avenue where more effort needs to be invested. High
biodiversity of tropical ecosystems means that scaling up
sparse, detailed point measurements is subject to large
errors. A sustained programme of field measurements that
catalogue emissions from tropical vegetation is the only
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approach that will rectify gaps in current knowledge. Studies
have shown better knowledge of just a few plant species can
greatly improve VOC emission estimates in temperate land-
scapes [Purves et al., 2004].
[57] Uncertainty in top-down isoprene emissions are
defined by (1) errors associated with the HCHO column
retrievals, including those determined by spectroscopic
parameters [Gratien et al., 2007], and instrument design,
and (2) uncertainty of the physics and chemistry within and
above the forest canopy; here we consider only option 2.
[58] We find GEOS-Chem tends to overestimate the
observed concentrations of isoprene and HCHO over trop-
ical South America. GEOS-Chem has only a basic descrip-
tion of the forest canopy environment (e.g., parameterized
radiation model [Guenther et al., 1995]). Within the tropical
troposphere, the principal sink of isoprene is oxidation by
OH [Kuhn et al., 2007]; therefore underestimating OH
concentrations will directly affect concentrations of isoprene
and HCHO. Recent results by Kuhn et al. [2007] suggest
daytime OH concentrations of 3–8  106 molec cm3 for
the early dry season in 2001, derived from observed
vertical gradients of isoprene and its primary degradation
products; and only very recently the first direct measure-
ments of OH concentrations over tropical rainforest in
Suriname, Guyana and French Guyana became available
[Lelieveld et al., 2008], confirming that isoprene has a
considerably smaller effect on OH depletion than current
chemistry models tend to predict. The mean OH concen-
trations from the MEGAN v2004 T(1) and GOME
simulations (corresponding to 1000–1200 LT) are 1.8 
106 molec cm3 and 2.5  106 molec cm3 respectively,
about a factor of 1.2–4.5 lower than observed values.
[59] Furthermore, for high OH concentrations (up to 3 
107 molec cm3), oxidation may compete with canopy
ventilation as a sink for isoprene and its immediate oxida-
tion products methacrolein (MACR) and methyl vinyl
ketone (MVK) [Millet et al., 2007]. Underestimating the
OH sink in the lowest model layers over forested regions
will lead to an overestimated regression slope and conse-
quently underestimated isoprene emissions inferred from
observed HCHO columns (equation (4)). Although organic
peroxides are recycled within the GEOS-Chem chemistry
mechanism [Palmer et al., 2003], new studies have sug-
gested OH may be produced in the recycling process
[Butler et al., 2008; Lelieveld et al., 2008]. If true, the
extra OH produced may help to quantitatively reconcile
MEGAN and GOME isoprene emission estimates. Recent
analysis of MACR and MVK concentration measurements
over the Amazon has shown that the within-canopy loss of
isoprene from oxidation is about 10%, with the canopy
Figure 15. Scatterplot of the monthly mean isoprene emissions inferred from GOME HCHO columns
versus the GEOS-4 air temperature T(1) (at 2 m height) over the western region for (left) all months and
(right) July–November only during 1997–2001. The dashed lines represent fits of equation (8) which
describes the relationship between temperature and isoprene emissions parameterized by gT [Guenther et
al., 2006]. We fit gT using the CT1 = 76 and CT2 = 160, activation and deactivation energy coefficients,
described in section 5.4, both with (light blue line) and without (purple line) the 15-day temperature lag,
T15. The black and green lines represent an additional simultaneous fit of CT1 and CT2 to the data, with
and without the temperature lag, respectively. Using data from all months the fitted CT1 and CT2 values
are 64.7 and 58.5, and 176.5 and 166.0, with and without T15, respectively. The simultaneous fit of CT1
and CT2 fails to converge during the dry season (July–November), irrespective of whether the
temperature lag is fitted.
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ventilation rate much faster than the oxidation loss rate
[Kuhn et al., 2007; Karl et al., 2007].
[60] Observed vertical gradients of isoprene within forests
show very low near-surface isoprene concentrations [Kuhn
et al., 2002], suggesting isoprene uptake at the forest floor.
Field and laboratory studies indicate a biological sink of
isoprene sink exists within forest soils [Cleveland and
Yavitt, 1997, 1998], the magnitude and extent of which
remains unknown within tropical ecosystems. The magni-
tude of a forest soil sink would also be susceptible to
environmental forcings, such as drought stress [Pegoraro
et al., 2006].
[61] The direct exchange of HCHO between the atmo-
sphere and tropical vegetation is also poorly quantified,
though in normal and high ambient aldehyde concentra-
tions trees are most likely to act as sinks [Kondo et al.,
1998]. Branch enclosure measurements at the Rebio Jaru
ecological reserve, demonstrated aldehyde uptake can
occur via leaf stomata and deposition to the leaf cuticles
[Rottenberger et al., 2004]. Whilst the branch enclosure
measurements also showed direct aldehyde emissions (at
low ambient concentrations), deposition of HCHO was
dominant in both wet and dry seasons, suggesting that
tropical forests act as a direct sink for HCHO. It is likely
that the magnitude of both these sinks, however, may be
small in comparison to isoprene and HCHO losses through
oxidation and photolysis.
[62] Our simple analysis of net canopy losses of isoprene
inferred from GOME, parameterized by the downscaling
factor rc applied to MEGAN (section 5.2), ranges from 25–
44%, is much larger than estimates inferred from in situ
measurements [Kuhn et al., 2007; Karl et al., 2007], which
may reflect uncertainties in the inference of top-down
emissions and the inability of GEOS-Chem to represent
in-canopy processes.
7. Summary
[63] We have used a 6-year (1997–2001) data set of
HCHO columns from the Global Ozone Monitoring
Experiment satellite instrument, in conjunction with the
MEGAN bottom-up isoprene inventory and the GEOS-Chem
CTM, to determine top-down isoprene emission estimates
over tropical South America. Bottom-up isoprene emission
inventories are particularly poorly quantified over tropical
ecosystems, reflecting a sparsity of in situ data, high biodi-
versity and inaccessibility. Space-borne measurements can
help overcome many of these shortcomings.
[64] Inferring isoprene emissions from HCHO columns
over tropical South America is significantly compromised
by (1) noise introduced to observed column over southeast
South America from the SAA and (2) the source of HCHO
from biomass burning. Both of these effects are most
pronounced over the eastern parts of the Amazon. For this
reason, we focus our study over the western region of South
America and extrapolate findings to the eastern regions. We
identify and remove measurements compromised by active
burning that have been identified using ATSR firecounts
and coincident GOME NO2 columns.
[65] In the low NOx environment found over tropical
ecosystems, we find that isoprene largely determines the
observed variability in HCHO columns, with emissions of
a- and b-pinenes contributing only to the uniform back-
ground, reflecting the production of the relatively long-
lived acetone intermediate. Four different configurations of
the GEOS-Chem/MEGAN models have been compared
with in situ and aircraft isoprene and HCHO concentration
measurements over the Amazon. In general, model concen-
trations have a positive bias that may reflect missing in-
canopy chemistry. Uptake of isoprene by forest soils and
direct exchange of HCHO with vegetation are also possible
sink mechanisms that may be underestimated. Of the four
model configurations, it was determined that MEGAN
v2004 emission factors, driven by the temperature of the
first GEOS-Chem model layer, produced the closest match
to the in situ measurements. This model, MEGAN v2004
T(1), was subsequently used to determine the transfer
function that infers isoprene emissions from observed
HCHO columns.
[66] The resulting seasonal and year-to-year variations in
the isoprene emissions inferred from GOME show that the
highest-emitting region is consistently the Amazon basin
within western Brazil. The emissions peak during the dry
season (August–November) and lower in the wet season. In
the dry season, inferred emissions are consistent with the
temperature dependence predicted by MEGAN. Outside the
dry season, other factors appear to also play a large role in
determining observed variability, however, we have not
been able to identify a significant correlation with likely
factors such as precipitation or soil moisture.
[67] In general, GOME isoprene emissions are lower
than those predicted by MEGAN, reflecting partly that
GOME estimates represent net ecosystem fluxes while
MEGAN predicts leaf-level canopy emissions. Crudely
accounting for net above and within-canopy losses, requires
MEGAN v2004 T(1) isoprene emissions to be reduced by
33%. Differences between GOME and MEGAN can also
be attributed to errors in the HCHO column retrieval and to
errors associated with the chemistry mechanism that deter-
mines the transfer function. We calculate the total error
associated with GOME isoprene emissions to be of order
100%.
[68] Future work will focus on using HCHO column
data from newer space-borne sensors that have 40 times
better spatial resolution and daily coverage, for example,
OMI aboard NASA’s Aura satellite and GOME-2 aboard
the European MetOp platform. Using these sensors will
(1) increase the number of cloud-free scenes that will improve
the signal-to-noise of averaged quantities; (2) improve the
differentiation between biogenic and pyrogenic sources of
HCHO; and (3) broaden the process studies that can be
achieved. A greater number of observations permits better
spatially resolved transfer functions [e.g., Millet et al.,
2007]. However, as isoprene takes approximately an hour
to produce (1  1/e) of its ultimate HCHO yield, its
average smearing length is about 100 km [Palmer et al.,
2003]. Therefore, despite the higher resolution of new
sensors 100 km may represent the spatial limit for inferring
top-down isoprene emissions estimates using the linear
regression approach, beyond which a more formal inver-
sion scheme would be required [Palmer et al., 2007].
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